Abstract-In this paper, we consider the robust stability condition for single-input/single-output time-delay plants with new class of uncertainties. First of all, we define a class of uncertainties to be considered. The necessary and sufficient robust stability condition for time-delay plants with such class of uncertainties is presented. The relation between the time-delay plant and the nominal time-delay plant that is included in such class of uncertainties is clarified. By using this relation, we will show the necessary and sufficient robust stability condition for the timedelay plants with varying number of right half plane poles.
I. INTRODUCTION
In this paper, we examine the robust stability condition for single-input/single-output time-delay plants with new class of uncertainties. Several papers have been considered on robust stabilization problem [1] [2] [3] [4] [5] [6] . Doyle and Stein built the basis for this problem [1] , and the condition for plants with the multiplicative uncertainty and additive uncertainty was shown. Chen and Desoer gave the complete proof of the result by Doyle and Stein [3] . Kimura [7] considered the robust stabilizability problem for single-input/single-output plants. Vidyasagar and Kimura [8] expanded the result in [7] and considered the robust stabilizability problem for multipleinput/multiple-output plant.
According to [1] , [2] , in order to keep the stability for the large uncertainty, the complementary sensitivity function must be small value. Making the complementary sensitivity function small brings the control systems lower performance in the meaning of disturbance attenuation property and so on. Therefore, we must make the sensitivity function small to produce the control system with high disturbance attenuation property. Since the sensitivity function and the complementary sensitivity function sum to 1, we cannot obtain either low sensitivity or high robust stability characteristics, although low sensitivity does not always make the system unstable. Maeda et al. considered this problem as an infinite gain margin one [9] , [10] . Nogami et al. clarified the condition that higain controller does not make the system unstable and also proposed a design method [11] . However, the method in [9] [10] [11] cannot apply for time-delay plants.
In this paper, we consider this low sensitivity control problem from another view point; there exists a class of uncertainties that has the property low sensitivity make the control system for time-delay plants robustly stable. First of all, we define new class of uncertainties for time-delay plants. The necessary and sufficient robust stability condition for timedelay plants with such a class of uncertainties is presented. Secondary, the condition that the set of time-delay plants and the nominal time-delay plants is included in such class is clarified. In addition, the necessary and sufficient robust stability condition is shown in the case that the number of unstable poles of time-delay plant is not equal to that of the nominal time-delay plant. The robust stability condition presented in this paper is identical whether the number of poles of the nominal time-delay plant is equal to that of the timedelay plant or not. Generally, it is assumed that the number of poles of the plant is equal to that of the nominal plant [1] [2] [3] [4] [5] [6] except [4] . In [4] , Verma et al. considered the similar problem, but the method cannot apply for time-delay plants.
Notations R the set of real numbers.
R(s)
the set of all real-rational transfer functions.
.
II. PROBLEM FORMULATION
Consider the control system written by
Here, G(s)e −sT is a single-input/single-output time-delay plant, G(s) ∈ R(s) is strictly proper, T > 0 is the timedelay, C(s) is the controller, r ∈ R is the reference input, y ∈ R is the output and d ∈ R is the disturbance. 
Remarks 1: Note that from (2), in this paper, the time-delay T is assumed to have no uncertainty.
The influence of Δ(s) toward to input-output property is a tendency to decrease if the sensitivity function S(s) denoted by
is called the complementary sensitivity function. The sensitivity function is equivalent to the transfer function from the disturbance d to the output y. Therefore, the system with low sensitivity has nice performance. It is well known that low sensitivity will often make the system unstable [2] . Although, low sensitivity does not always make the system unstable. Maeda et al. considered this problem as an infinite gain margin problem [9] , [10] . Nogami et al. clarify the condition that hi-gain controller does not make the system unstable and also proposed a design method [11] .
In this paper, we consider this low sensitivity control problem from another viewpoint: there exists the class of the uncertainty when low sensitivity makes the system robustly stable.
Several classes of uncertainty Δ(s) have been considered such as
and
and so on. In this paper, we adopt the following class of uncertainty
We will describe later, the robust stability condition for above class of uncertainty is related directly not with the complementary sensitivity function T (s) but with the sensitivity function S(s). That is, low sensitivity control has a tendency to guarantee the robust stability. By using such a class of uncertainty, we have following definitions. • G(s)e −sT has the same number of poles of the nominal time-delay plant G m (s)e −sT in the closed right half plane.
• G(s)e −sT has the same number of zeros of the nominal time-delay plant G m (s)e −sT in the closed right half plane. 
holds true.
Proof: Let P (s) andΔ(s) be
respectively. Proof is immediately obtained by applying Theorem 3.3 in [12] to
We have completed the proof of this theorem.
Theorem 1 shows if G(s)e
−sT can be drawn in the form of Definition 1, the low sensitivity can be achieved with robust stability condition.
III. RELATION BETWEEN NOMINAL TIME-DELAY PLANT
AND TIME-DELAY PLANT In this section, we describe the relation between the nominal time-delay plant G m (s)e −sT and the time-delay plant G(s)e −sT to satisfy Theorem 1. For keeping internal stability condition, the system in (1) must be well-posed. Therefore, the controller C(s) must be causal. When the controller C(s) is causal, the sensitivity function S(s) in (3) has the property
because of (3) and the assumption that G m (s) is the strictly proper. To satisfy (9), from (14) , 
In this case, (15) is not satisfied.
Conversely, if the relative degree of G m (s) is smaller than that of G(s), then
This case does not satisfy (15) . We have thus completed the proof of this theorem.
IV. MISMATCH OF THE NUMBER OF POLES IN THE RIGHT HALF PLANE
In this section, we consider the robust stability condition in the case that the number of poles of the nominal time- • G(s)e −sT has the same number of zeros of the nominal time-delay plant G m (s)e −sT in the closed right half plane.
where W (s) ∈ R(s) is a stable rational function.
Definition 4: The controller C(s) is called the robustly stabilizing controller for
. In order to examine the robust stability condition for the time-delay plants included in Ω 2 (G m (s)e −sT , W (s)), following lemma is used.
Lemma 1: Assume that W (s) satisfy (15) . It is assumed that G m (s) has q number of zeros in the closed right half plane and p m number of poles in the closed right half plane, and G(s) has q number of zeros in the closed right half plane and p number of poles in the closed right half plane. Then the Nyquist plot of 1 + Δ(s) encircles the origin (0, 0) p − p m times in the counter-clockwise direction.
Proof: From the assumption that W (s) satisfies (15) and Theorem 2, the relative degree of G(s) is equivalent to that of G m (s).
From (2), 1 + Δ(s) is written by
From an argument principle, the Nyquist plot of 1 + Δ(s) encircles the origin (0, 0) 
Proof: The characteristic equation of the control system in (1) 
then we have
This means that the Nyquist plot of 1 − S(s)Δ(s)/(1 + Δ(s))
pass on the origin. Therefore, the control system in (1) is unstable. From above discussion, the proof of this theorem was shown.
Remarks 2: This theorem is very interesting because the robust stability condition is identical whether the number of poles of the nominal time-delay plant G m (s)e −sT is equal to that of the time-delay plant G(s)e −sT or not.
V. NUMERICAL EXAMPLE On account of limiting space, a numerical example is shown in the conference.
VI. CONCLUSION
In this paper, we considered the robust stability for singleinput/single-output time-delay plants with a class of uncertainty. The necessary and sufficient robust stability condition for the time-delay plants with such class of uncertainty was presented. The condition that the set of the time-delay plant and the nominal time-delay plant is included in such class, was clarified. In addition, the necessary and sufficient robust stability condition in the case that the number of poles of the time-delay plant in the closed right half plane is not equal to that of the nominal time-delay plant, was shown. The robust stability condition presented in this paper was identical whether the number of poles of the nominal timedelay plant is equal to that of the time-delay plant or not. In this framework, we can construct the control system with low sensitivity characteristics and robust stability for time-delay plants.
